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VirocontrolA colony-print immunoassay (CPIA) using an anti-dsRNA antibodywas developed to visualize the distribution
of four unrelated mycoviruses with dsRNA genomes, a partitivirus (RnPV1), mycoreovirus (RnMyRV3),
megabirnavirus (RnMBV1), and an unidentiﬁed virus (RnQV1), in mycelia of the white root rot fungus,
Rosellinia necatrix. CPIA revealed different distribution patterns within single colonies for each virus. Both
RnPV1 and RnMBV1 were distributed throughout single colonies, RnMyRV3 was absent from some colony
sectors, and RnQV1 exhibited varied accumulation levels between sectors. RnMyRV3 and RnQV1 were
transmitted to the recipient virus-free colonies of virus-infected and virus-free colony pairs more slowly than
were RnPV1 or RnMBV1. The presence of RnMyRV3 in recipient colonies restricted horizontal transmission of
RnPV1 and RnMBV1. These results imply that one or more mechanisms are present in host–virus and virus–
virus interactions that restrict the spread of viruses within and between colonies.l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Mycoviruses are ubiquitous in many fungal species (Ghabrial and
Suzuki, 2009; Pearson et al., 2009). Most mycoviruses, including those
in the families Totiviridae, Partitiviridae, reoviridae, and Chrysoviridae
have divided or undivided double-strand (ds) RNA genomes that are
encapsidated in virions, while some mycoviruses, including hypo-
viruses and endrnaviruses possess unencapsidated, single-stranded
(ss) RNA genome (Ghabrial and Suzuki, 2009). Most mycovirus
infections do not induce obvious phenotypic changes in the host
fungus, but some mycoviruses do induce signiﬁcant biological
changes, including hypovirulence and debilitation of the host fungus
(Ghabrial and Suzuki, 2009). Therefore, the potential of mycoviruses
as biological control agents against pathogenic plant fungi has
attracted considerable attention in the ﬁeld of plant disease
management. Biological control using mycoviruses is referred to as
virocontrol or virological control, two recently proposed terms
(Ghabrial and Suzuki, 2009; Chiba et al., 2009). Because mycoviruses
can be transmitted horizontally via hyphal fusion (anastomosis) only
between compatible fungal strains (Pearson et al., 2009), spread of
mycoviruses is thought to be limited to transfer between genetically
similar fungal populations.In ﬁlamentous ascomycetes, hyphae extend by branching and cell
division in the hyphal tip. Branches from individual hyphae fuse
forming an interconnected mycelial network within a colony (Buller,
1933; Hickey et al., 2002; Glass and Fleissner, 2006). Spread of
mycoviruses within a colony is believed to be a passive phenomenon
because nuclei and other organelles in the cytoplasm are able to
migrate through pores in septa between hyphal cells (Ross, 1976;
McKerracher and Heath, 1987). Mycoviruses may spread via cyto-
plasmic ﬂow in the direction of hyphal extensions and laterally as
hyphal branches fuse. A homolog of the viral movement protein that is
present in plant viruses (Lucas, 2006) has not yet been described in
mycoviruses. Horizontal transmission of mycoviruses is mediated by
hyphal anastomosis between compatible fungal strains (Pearson et al.,
2009). Mycoviruses are transported to recipient fungal strains
through cytoplasmic exchange between fused hyphae, and these
viruses then spread within the recipient colony.
White root rot is one of themost devastating diseases in fruit trees,
including apple, Japanese pear, and grapevine. The causal agent of this
disease is a ﬁlamentous ascomycetous fungus, Rosellinia necatrix,
which has a broad host range, including herbaceous andwoody plants
(Ito and Nakamura, 1984). To control white root rot disease, more
than 1000 ﬁeld R. necatrix isolates were collected to characterize the
mycoviruses present in the fungus, and a variety of mycovirus-related
dsRNA were found (Arakawa et al., 2002; Ikeda et al., 2005). Four
mycoviruses were identiﬁed in this dsRNA collection, including
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eovirus 3 (RnMyRV3), Rosellinia necatrix megabirnavirus 1 (RnMBV1),
and Rosellinia necatrix quadrivirus 1 (RnQV1) (Sasaki et al., 2005;
Wei et al., 2004; Chiba et al., 2009; N. Suzuki, personal communica-
tion). RnMBV1 and RnQV1 were recently identiﬁed as novel dsRNA
viruses, and both may belong to new virus families (Chiba et al., 2009;
N. Suzuki, personal communication). Our previous work showed that
RnMyRV3 was distributed unevenly in single colonies and that
horizontal transmission of RnMyRV3 between colonies of R. necatrix
was inefﬁcient when compared with that of RnPV1 (Sasaki et al.,
2006). These ﬁndings led us to hypothesize that viral spread within
single colonies of R. necatrix differs among mycoviruses.
In the present study, we developed a colony-print immunoassay
(CPIA) utilizing a dsRNA-speciﬁc antibody to investigate the spread of
four different mycoviruses within single colonies of R. necatrix. This
anti-dsRNA antibody efﬁciently recognizes dsRNA fragments N40 base
pairs (Schönborn et al., 1991; Lukács, 1994), and detects viral dsRNA
genomes immunologically in enzyme-linked immunosorbent assays,
immunoblotting and immunohistochemistry analyses (Schönborn et
al., 1991; Lukács, 1994; Peever et al., 1997; Weber et al., 2006).
Because most mycoviruses, including RnPV1, RnMyRV3, RnMBV1, and
RnQV1, have dsRNA genomes (Sasaki et al., 2005; Wei et al., 2004;
Chiba et al., 2009; N. Suzuki, personal communication), CPIA using
this antibody enabled us to visualize the areas of virus-accumulation
within individual colonies. This novel technique revealed that each
virus had a different distribution pattern within single colonies and
that the unrelated viruses had different rates of horizontal transmis-
sion between colonies of R. necatrix.
Results
Development of colony-print immunoassay
In order to test whether R. necatrix colonies can be printed to
nitrocellulose membrane effectively, 6-day-old colonies of a virus-
free, GFP-expressing strain RT57-1 (pVF) and those of a virus-free,
non-GFP strain RT45-1 (rVF) grown on the membrane in potato-
dextrose agar plates containing hygromycin B (PDAhyg) were
subjected to CPIA using an anti-GFP antibody. The results showed
that GFP signal was detected throughout the pVF colony, while no
signal was detected in any rVF colony (data not shown), conﬁrming
effective printing of cellular extracts onto nitrocellulose membrane
from R. necatrix colonies with our novel CPIA method.
We prepared a set of four isogenic substrains from the parental
strain, pVF, that were each infected with Rosellinia necatrix partitivirus
1 (RnPV1; sPV), Rosellinia necatrix mycoreovirus 3 (RnMyRV3; sRV),
Rosellinia necatrix megabirnavirus 1 (RnMBV1; sMV), or Rosellinia
necatrix quadrivirus 1 (RnQV1; sQV) (Table 1) in order to eliminate
possible effects on viral distribution or horizontal transmission due toTable 1
Rosellinia necatrix substrains used in this study.
Parent
strain/MCGa
Substrain Virus in
the substrain
Donor strain from
which substrains
received virus/MCG
Original isolate
that contained
virus/MCG
pVFb/80 sPV RnPV1 W97-RnPV1/80 W8/34
sMV RnMBV1 W97-RnMBV1/80 W779/351
sRV RnMyRV3 W97-RnMyRV3/80 W713/78
sQV RnQV1 W1075/80 W1075/80
rVFc/80 rRV RnMyRV3 W97-RnMyRV3/80 W713/78
rQV RnQV1 W1075/80 W1075/80
a Mycelial compatibility group (MCG). Virus transmission does not usually occur
between fungal strains of different MCGs.
b GFP-expressing and hygromycin-resistant transformant obtained from virus-free
isolate W97.
c Hygromycin-resistant transformant obtained from virus-free isolate W97.differences in host genotype. Agarose gel electrophoresis of dsRNA
from the four substrains conﬁrmed that each substrain was infected
with a single, distinct type of virus, and no dsRNA was detected in the
virus-free parental strain pVF (Fig. 1A).
To test the efﬁcacy of the J2 monoclonal antibody against dsRNA
(Schönborn et al., 1991; Lukács, 1994), dot-blot analysis of crude
extracts, total nucleic acid, and dsRNA from each substrain and the
parental strain was carried out using the anti-dsRNA antibody.
Positive signals were found in all three types of samples (crude
extracts, total nucleic acid, and dsRNA) from each substrain sPV, sMV,
sRV, and sQV but not from the parental strain pVF (Fig. 1B). There was
no difference in detectable signal strength in the three types of
samples from each of the four substrains, conﬁrming the efﬁcacy of
the anti-dsRNA antibody for immunological detection of dsRNA viral
genomes.
Distribution patterns of viral dsRNA in single colonies
GFP imaging showed that the colony growth of substrains sMV and
sRV on the membranes was reduced relative to that of the parent
strain pVF after 6 days of incubation (Fig. 2), and the reduction in
colony growth was more obvious for sMV than for sRV. In contrast,
there was no appreciable difference in colony growth between pVF,
sPV, and sQV after 6 days of incubation (Fig. 2).
The CPIA method using the anti-dsRNA antibody was employed to
visualize the distribution of the four mycoviruses with dsRNA
genomes in single colonies. No positive signal was detected from
colonies of the parent strain, pVF, after 6 days of incubation (Fig. 2).Fig. 1. Efﬁcacy of dsRNA antibody for speciﬁc detection of mycovirus dsRNA (A) Agarose
gel electrophoresis of viral dsRNA genomes extracted from virus-free parent strain pVF
and virus-infected substrains, sPV, sQV, sRV, and sMV. Lane M indicates λ-HindIII
marker. (B) Dot-blot analysis of crude extracts (CE), total nucleic acids (TNA), and
dsRNA from virus-free parental strain and substrains, pVF, sPV, sQV, sRV, and sMV,
using anti-dsRNA antibody. CE, TNA, and dsRNA were obtained from the same sample.
Fig. 2. Distribution patterns of viral dsRNAs in single colonies infected with each of the four mycoviruses. Virus-free parent strain, pVF, and virus-infected substrains, sPV, sMV, sRV,
and sQV, were independently cultured on the membranes for 6 days, and subjected to CPIA using anti-dsRNA antibody. GFP images (top), results of CPIA with anti-dsRNA antibody
(middle), and results of re-probing with anti-GFP antibody (bottom). Colonies from a single substrain and a single membrane are shown within a column of images (i.e. top, middle
and bottom. All membranes printed with pVF and substrains were treated simultaneously. Scale bars represent 1 cm.
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both substrains, sPV and sMV (data not shown), whereas intense
signals from 6-day-old colonies of both sPV and sMV tended to be
distributed at the periphery of colonies in regions of new growth
rather than in central regions of older growth (Fig. 2). Total RNA
samples were extracted from the periphery and the central regions of
6-day-old colonies of sPV and sMV, and we determined the levels of
RnPV1 or RnMBV1 dsRNA in total RNA samples normalized by signal
strength of rRNA. The results showed that the RnPV1 and RnMBV1
dsRNAs accumulated similarly in both peripheral and central older
regions (Supplemental Fig. 1). Three patterns of signal distribution in
colonies of substrain sRV were found in 6-day-old colonies; 1) signal
from the entire colony, 2) signal absent from some sector(s), and 3)
signal entirely absent from the colony (only pattern 2 is shown in
Fig. 2). We also conﬁrmed the absence of RnMyRV3 in partial or
whole areas of sRV by agarose gel electrophoresis of dsRNA (data not
shown). In 6-day-old colonies of the substrain sQV, smaller
discontinuous sectors with dense, weak, or no signal appeared,
indicating an uneven distribution of dsRNA virus in substrain sQV
(Fig. 2). Agarose gel electrophoresis of dsRNA from sub-cultured
mycelia from the peripheral regions of sQV colonies showed that viral
dsRNA was present in the periphery (data not shown), indicating that
RnQV1 was present throughout the colonies. No temporal difference
was found in dsRNA distribution patterns in substrains sRV and sQV
between 4- and 6-day-old-colonies (data not shown). Membranes
printed with the colonies of substrain pVF or each of the four
substrains sPV, sMV, sRV, or sQV were re-probed with anti-GFP
antibody. Anti-GFP signal was found throughout colonies of allFig. 3. Visualization of horizontal transmission of viral dsRNAs between colonies in paired
membrane) and donor, virus-infected substrains (sPV (A), sMV (B), sRV (C), and sQV) colony
on membranes until the radial growth of the recipient colony reached 3, 4, 5, or 6 cm (lines
bright ﬁeld (top), GFP (middle), and CPIA (bottom) images of the paired colonies are shown
and red dotted lines in the CPIA images indicate the interface between colonies and the forstrains, whereas the positive signals were denser in the peripheral
regions than in the central older regions, indicating that central older
regions did not print as efﬁciently as newer growth in the peripheral
regions (Fig. 2).
The characteristic dsRNA distribution patterns of the four viruses
as revealed by CPIA using pVF as a host were conﬁrmed in different
fungal strains; speciﬁcally, W57-T1 (RnPV1) (MCG54) (which
transfected the recipient strain W57-T1 with RnPV1 virion) and
three original host isolates W713/RnMyRV3 (MCG78), W779/
RnMBV1 (MCG351), and W1075/RnQV1 (MCG80) were analyzed
(data not shown).
Horizontal transmission of four mycoviruses between colonies via
hyphal anastomosis
Virus-free, non-GFP strain, rVF, and virus-infected GFP-expressing
substrains (sPV, sMV, sRV, and sQV) were used as the recipient and
donor strains, respectively (Table 1). Both the recipient and donor
strains were dual-cultured on nitrocellulose membranes; when the
radius of the recipient colony reached 3, 4, 5, and 6 cm, the
distribution of viral dsRNA was analyzed in the paired colonies by
CPIA using the anti-dsRNA antibody.
Photographs of paired colonies at different growth stages of the
recipient (3, 4, 5, and 6 cm) and GFP observations allowed distinction
of recipient and donor strains (Figs. 3A–D). Recipient, rVF, colonies in
all paired-colony combinations exhibited a small area of positive
signal near the interface between colonies at the 3-cm-radius growth
stage (Figs. 3–D). In the case of infection with RnPV1, the positivecultures. CPIA of dual-cultured recipient, virus-free parent strain rVF (upper left in the
pairs (D) (lower right in themembrane). Both strains in the paired cultures were grown
with arrowheads at both ends indicate the positions for measurement). Photographs of
. The area of each pair of colonies was outlined to facilitate visualization. Parallel green
efront of signal detection in recipient colonies, respectively. Scale bars represent 1 cm.
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through the recipient colonies and ﬁnally became widespread
throughout the recipient colonies by the 6-cm-radius growth stage3 cm
4 cm
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-dsRNA)
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-dsRNA)
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RnMBV1(Fig. 3A). In the paired colonies with sMV as the donor, the area of
positive RnMBV1 dsRNA signal also developed gradually with growth
of recipient colonies, in which mycelial growth was reduced,5 cm
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Fig. 3 (continued).
284 H. Yaegashi et al. / Virology 409 (2011) 280–289indicating a tight association between accumulation of RnMBV1
dsRNA and the reduction of colony growth (Fig. 3B; compare
photographs of colonies with CPIA images). In paired colonies witheither sRV or sQV as the donor, areas of positive signals did not enlarge
extensively even when the radius of the recipient colony reached 5 to
6 cm (Figs. 3C and D).
Fig. 4. Quantitative representations of lateral spread of RnPV1 (A), RnMBV1 (B), RnMyRV3 (C), and RnQV1 (D) in the recipient colony based on the results from CPIA in Fig. 3. The
distance between green and red blotted lines shown in Fig. 3 was measured to determine the distance of virus spread based on 20 independent measurements at each growth stage
(X-axis; 3, 4, 5, 6 cm).
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interface to the forefront of the area showing positive signals is
summarized in Fig. 4. When recipient colonies reached the 6-cm-
radius growth stage, themean and standard deviation ofmeasurements
of lateral spread for RnPV1, RnMBV1, RnMyRV3, and RnQV1were 3.7±
1.5, 3.3±0.5, 2.1±0.5, and 2.4±0.6 cm, respectively. The rates of
spreading for RnPV1 and RnMBV1 were signiﬁcantly higher than for
RnMyRV3 and RnQV1, and there were no signiﬁcant differences in the
spreading rate between RnPV1 and RnMBV1 or between RnMyRV3 and
RnQV1 as determined by an analysis of variance andmultiple test (data
not shown). The valueof slope of the regression line for lateral growthof
mycelia was 0.943 and the values of slopes of the lines for the spread of
dsRNA within recipient colony for RnPV1, RnMBV1, RnMyRV3, and
RnQV1 were 0.995, 0.702, 0.429, and 0.564, respectively. These results
indicated that the spread of RnPV1 was equivalent to the mycelial
growth rate, but that RnMBV1, RnMyRV3, and RnQV1 spread into the
recipient colonies more slowly than mycelia grew.
To conﬁrm the differences in spreading of the different viruses
within the recipient colonies, rVF and the four substrains (sPV, sMV,
sRV, and sQV) were dual-cultured without nitrocellulose membrane
until the radius of the recipient colonies reached 6 cm. Samples of
recipient colonies were sub-cultured from spots 1.5, 3, and 4.5 cm
away from the donor–recipient interface as shown in Fig. 5A. RnPV1
and RnMBV1 were detected at a spot 4.5 cm away from the interface
in three out of ﬁve sPV–rVF and two out of ﬁve sMV–rVF dual-cultured
colonies, respectively (Figs. 5A and B; Table 2). The results indicated
that these viruses spread into recipient colonies at similar rates. In
most sRV–rVF dual-cultured pairs, RnMyRV3 dsRNAwas found only in
the sample taken 1.5 cm from the donor–recipient interface (Fig. 5C;
Table 2). In contrast, RnQV1 dsRNA was detected in samples of
recipient colonies taken 3 cm from the donor–recipient interface in
three out of ﬁve sQV–rVF dual-cultured colonies (Fig. 5C; Table 2).These results were essentially consistent with the results of CPIA,
although dsRNA extraction was apparently more sensitive and able to
detect wider spreading of RnMBV1 and RnQV1.
Inhibition of horizontal transmission of RnPV1 and RnMBV1 to
RnMyRV3-infected colonies
The CPIA results revealed that RnMyRV3 and RnQV1 were
unevenly distributed in single colonies (Fig. 2). In addition, CPIA
demonstrated that horizontal transmission of RnMyRV3 and RnQV1
was slower than that of RnPV1 and RnMBV1 (Figs. 3 and 4). The values
of the slopes of the regression lines for RnMyRV3 and RnQV1 were
smaller than those for RnPV1 and RnMBV1, indicating that spread of
both viruses within the recipient colonies was slower. Based on these
ﬁndings, we hypothesized that infection with RnMyRV3 or RnQV1
induced host responses that restrict viral spread. To test this
hypothesis, the transmission of RnPV1 and RnMBV1 into the colonies
with an established RnMyRV3 or RnQV1 infection was analyzed.
Strain pairs containing a recipient substrain from rVF that was
infected with RnMyRV3 or RnQV1 (rRV or rQV; Table 1) and a donor
substrain, sPV or sMV, were dual-cultured on PDAhyg; when the
radius of recipient rRV and rQV colonies reached 6 cm, samples of the
donor colonies and samples of the recipient colonies were taken 1.5, 3,
or 4.5 cm from the donor–recipient interface and were sub-cultured
(Fig. 5B). Analysis of dsRNA showed that RnPV1 and RnMBV1 were
found in samples of the rQV recipient taken 3 or 4.5 cm from the
interface of rQV–sPV and rQV–sMV pairs and RnQV1 was detected in
the donor colonies of both pairs (Fig. 5D; Table 2). These results were
consistent with results obtained from a similar analysis of the rVF–rPV
and rVF–rMV pairs (Table 2), suggesting that the presence of an
established RnQV1 infection did not affect the spread of RnPV1 or
RnMBV1 via hyphal anastomosis. In contrast, dsRNA of RnPV1 and
Fig. 5. Horizontal transmission of the four mycoviruses. Photographs of paired colonies between recipient, virus-free parent strain rVF and the donor, virus-infected substrains from
pVF (sPV, sMV, sRV, and sQV) (A), and between recipient, virus-infected substrains rRV or rQV from rVF and the donor, substrains sPV or sMV (B) at the 6-cm-radius growth stage.
White dotted lines indicate the interface between colonies. Agar discs in the spots 1.5, 3, and 4.5 cm apart from the interface (shown as 1.5, 3, 4.5) in the recipient colonies and one
spot in the donor colony (shown as dn) were sub-cultured for dsRNA gel electrophoresis (C, D) Agarose gel electrophoresis of dsRNA extracted from sub-cultured mycelia. The sets of
lanes dn, 1.5, 3, and 4.5 in panels C and D correspond to panels A and B, respectively. The lane M indicates λ-HindIII marker.
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colony of rRV, and RnMyRV3 was not found in the donor colonies
(Fig. 5D; Table 2). The results implied that an established RnMyRV3
infection inhibited the spread of RnPV1 and RnMBV1. When
RnMyRV3 dsRNA occasionally disappeared from sub-cultured mycelia
from the recipient rRV colony, RnPV1 or RnMBV1 dsRNA were
detected 3 cm from the donor–recipient interface (Table 2). Failure todetect RnMyRV3 was ascribed to the occurrence of virus-free sectors
within rRV colonies during dual-culture.
Discussion
Development of the CPIA method using anti-dsRNA antibody
allowed us to visualize the distribution of viral genomic dsRNA in R.
Table 2
Summary of horizontal transmission of four mycoviruses between different colony pairs.
Donor strains Replicates Presence of dsRNA in donor (dn) and recipient strains apart from the interface between colonies (1.5, 3, 4.5 cm)
rVF rRV (RnMyRV3) rQV (RnQV1)
dn 1.5 3 4.5 dn 1.5 3 4.5 dn 1.5 3 4.5
sPV (RnPV1) 1 +a + + + +/−b −/+ −/+ −/+ +/+ +/+ +/+ +/+
2 + + + + +/− −/+ −/+ −/+ +/+ +/+ +/+ +/+
3 + + + + +/− −/+ −/+ −/+ +/+ +/+ +/+ +/+
4 + + + − +/− +/− +/− −/− +/+ +/+ +/+ −/+
5 + + − − +/+ +/+ −/+ −/+ +/+ +/+ −/+ −/+
sMV (RnMBV1) 1 + + + + +/− −/+ −/+ −/+ +/+ +/+ +/+ +/+
2 + + + − +/− +/− +/− −/− +/+ +/+ +/+ +/+
3 + + + − +/− +/+ −/+ −/+ +/− +/+ +/+ +/+
4 + + + − +/− −/+ −/+ −/+ +/+ +/+ +/+ −/+
5 + + + + +/− −/+ −/+ −/+ +/− +/+ +/+ −/+
sRV (RnMyRV3) 1 + + + −
2 + + − −
3 + + − −
4 + + − −
5 + + − −
sQV (RnQV1) 1 + + − −
2 + + − −
3 + + + −
4 + + + −
5 + + + −
a Presence or absence of viral dsRNA at one spot in donor strain (dn; 0.5–1.5 cm apart from the interface) and three spots in recipient colony (1.5, 3, 4.5 cm apart from the
interface) are represented with ‘+’ or ‘−’, respectively.
b In cases of dual-culture of two virus-infected strains, one spot in donor colony (dn; 0.5–1.5 cm apart from the interface) and three spots in recipient colony (1.5, 3, 4.5 cm apart
from the interface) were analyzed, and presence or absence of viral dsRNA originating from donor strains (RnPV1 or RnMBV1; left of slash) and those from recipient strains
(RnMyRV3 or RnQV1; right side of slash) are indicated with a ‘+’ (present) or ‘−’ (absent).
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transmission of hypovirus between colonies of Cryphonectria para-
sitica (Martin and Van Alfen, 1991). This previously described method
is based on nucleic acid hybridization, and multiple procedures,
including enzymatic digestion of the cell wall and denaturing dsRNA
to ssRNA, are required to detect hypovirus RNA (Martin and Van Alfen,
1991). However, our method, CPIA, allowed direct detection of viral
dsRNA by a standard immunological procedure using anti-dsRNA
antibodies, and it did not require enzymatic digestion of mycelia or
denaturing of dsRNA. This new method represents a convenient
means to visualize the distribution of viral genomic dsRNA in fungal
colonies. In addition, themethodmay be applicable to the detection of
fungal or foreign protein in a colony. Actually, uniformly-expressed
GFP protein was speciﬁcally detected by this method using an anti-
GFP antibody (Fig. 2).
Colonies of ﬁlamentous ascomycetes grow by hyphal extension
and form interconnected mycelial networks by fusion (anastomosis)
between individual hypha (Glass and Fleissner, 2006). Consequently,
mycoviruses should spread within a colony in the direction of hyphal
extension and laterally via the interconnected mycelial network
through cytoplasmic ﬂow. Our data revealed that the viral distribu-
tion patterns in single colonies differed among four unrelated
mycoviruses. The dsRNAs of RnPV1 and RnMBV1 were distributed
throughout the colonies in 6-day-old cultures (Fig. 2 and Supple-
mental Fig. 1). CPIA showed intense dsRNA signals in the peripheral
regions of colonies infected with RnPV1 or RnMBV1; however, this
pattern resulted from ineffective blotting of older colonies in the
central regions. Colonies infected with RnMyRV3 frequently
contained one or more virus-free sectors (Fig. 2). This ﬁnding was
consistent with a previous report on the uneven distribution of
RnMyRV3-W370 strain in single colonies (Sasaki et al., 2007). The
virus-free sectors in colonies infected with RnMyRV3 were found at
both early (4-day-old colonies; data not shown) and late growth
stages (6-day-old colonies; Fig. 2). These ﬁndings imply that the
emergence of virus-free sectors was due to the inhibition of viral
spread via interconnected mycelial network rather than to the decayof accumulated virus. A distinct pattern of uneven dsRNA distribu-
tion was also found in colonies infected with RnQV1 (Fig. 2); this
pattern, a mixture of sectors with different levels of signal intensity,
was visually distinct from that of RnMyRV3, and we did not detect
virus-free areas in colonies infected with RnQV1; speciﬁcally, we
sub-cultured mycelia from apparently virus-free sectors and subse-
quently isolated dsRNA from all sub-cultured mycelia (data not
shown). These results suggested that the uneven distribution of
RnQV1 arose with the development of sectors with low levels of
virus-accumulation but not with development of sectors completely
free of RnQVI infection.
The ﬁrst step in the horizontal transmission of a mycovirus is
infection of hyphae from recipient colonies via anastomosis between
compatible colonies; the mycoviruses then propagate and spread
within the recipient colony along the direction of hyphal extension
and laterally via the interconnected mycelial network. The rate of
horizontal transmission between colonies via anastomosis varied
among these four mycoviruses (Figs. 3–5). The inefﬁcient horizontal
transmission of RnMyRV3 and RnQV1 may be explained by their slow
lateral spreading within the recipient colony as was indicated by the
slopes of the regression lines, 0.429 and 0.564, respectively. The slow
lateral spreading of RnMyRV3 and RnQV1 is a possible explanation for
the development of uneven distribution patterns of these viruses in
single colonies. In contrast, the rate of spread of RnPV1 within the
recipients colony was very similar to the growth rate of recipient
colony (the values of slopes of regression lines of RnPV1 spreading
and lateral growth rate of recipient are 0.995 and 0.943, respectively),
suggesting that spreading of the virus within the recipient colony was
dependent on passive diffusion through the hyphal extension and
formation of an interconnected mycelial network. The extent of
RnMBV1 spreading within the recipient colony at the 6-cm-radius
growth stage was 3.3±0.5 cm based on CPIA (Fig. 4D). In contrast,
isolation of dsRNA from sub-cultured mycelia indicated that RnMBV1
had spread as far as 4.5 cm within recipient colony (Fig. 5; Table 1).
The difference in these results may be accounted for by the sensitivity
of CPIA.
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of C. parasitica is due to activemovement of viral RNA (Martin and Van
Alfen, 1991). Martin and Van Alfen proposed that hypovirus spread
three to four times fasterwithin the recipient colonies than the growth
rate within the colonies. The present study demonstrated slow lateral
spreading of RnMyRV3 and RnQV1 within R. necatrix colonies. The
slow lateral spreading of these virusesmayhave been due to low levels
of viral replication, which may have been regulated by the speciﬁc
replication strategies of each virus and/or by interactionswith possible
host defense mechanisms. Alternatively, inefﬁcient formation of an
interconnected mycelial network may have restricted lateral spread-
ing of the viruses within the colonies. Moreover, we found that RnPV1
and RnMBV1 spread to colonies with an established RnQV1 infection,
but they did not spread to colonies with an established RnMyRV3
infection (Figs. 5B and D; Table 2). This phenomenon may have been
caused by inefﬁcient hyphal anastomosis between virus-infected
colonies. Consistent with this hypothesis, spreading of RnMyRV3 to
colonies infectedwith RnPV1 and RnMBV1was also inhibited (Fig. 5D;
Table 2). These results are consistent with previous ﬁndings that
imperfect hyphal anastomosis was observed between a virus-free
strain and a strain infected with mycoreovirus belonging to the same
MCG (Aimi et al., 2002).
The present study detailed distribution and horizontal transmis-
sion patterns of four mycoviruses in colonies of R. necatrix;
distribution and horizontal transmission patterns are important
biological characteristics that inﬂuence stability of viral infections
and the efﬁciency of viral spread among compatible fungal popula-
tions. The mechanisms responsible for the distribution and transmis-
sion patterns of these mycoviruses were not elucidated; therefore,
these mechanisms should be investigated in future studies to increase
our understanding of mycovirus–fungus interactions and contribute
to the development of virocontrol of R. necatrix.Materials and methods
Fungal strains
A hygromycin-resistant R. necatrix strain, RT45-1, derived from a
virus-free isolate, W97, (mycelia compatibility group (MCG) 80) was
used (Kanematsu et al., 2004) to generate RT57-1. Isolate W97 was
transformed with plasmid pCPXHYeGFP as described previously
(Pliego et al., 2009) to express both hygromycin resistance and
green ﬂuorescent protein (GFP) genes, and the resulting GFP-
expressing hygromycin-resistant strain was denoted RT57-1. These
virus-free parental strains, RT45-1 and RT57-1, are referred to as rVF
and pVF, respectively, in this manuscript (Table 1). Substrains derived
from rVF and pVF that were infected with each of four mycoviruses,
Rosellinia necatrix partitivirus 1 (RnPV1), Rosellinia necatrix mega-
birnvirus 1 (RnMBV1) Rosellinia necatrix mycoreovirus 3 (RnMyRV3),
and Rosellinia necatrix quadrivirus 1 (RnQV1) (Sasaki et al., 2005; Wei
et al., 2004; Chiba et al., 2009; N. Suzuki, personal communication)
were generated by hyphal anastomosis between a parental strain, rVF
or pVF, and a donor strain listed in Table 1.
Mycelial agar pieces of recipient and donor strains were cultured
together on potato-dextrose agar (PDA) plates at 25 °C for 10–12 days
in the dark. Then mycelial agar discs from the recipient colony were
sub-cultured twice on PDA containing 50 mg/ml of hygromycin B
(PDAhyg) to eliminate contamination, and ultimately, cultured on a
sterilized cellophanemembrane that overlayed PDAhyg at 25 °C in the
dark for 5 to 7 days. Cellophanemembranes withmycelia were peeled
from the PDA and stored at−20 °C until use for dsRNA extraction as
described below. The resulting virus-infected substrains originating
from rVF and pVF were denoted as rRV, rQV, sPV, sMV, sRV, and sQV,
respectively (Table 1). All parental and substrains were stored on
PDAhyg slants at 5 °C until used.dsRNA extraction
Extraction of dsRNA from mycelia was done according to the
method described by Choi et al. (1992) with a minor modiﬁcation.
Mycelia in plastic tubes were powdered under liquid nitrogen and
homogenized with dsRNA extraction buffer (0.15 M Sodium acetate
(pH 5.2), 0.1 M LiCl, 4% SDS, 10 mM EDTA (pH 8.0), and 20 mM β-
mercaptoethanol) using a Multi-beads shocker (Yasui kikai Co. Ltd.).
Total nucleic acid was puriﬁed from these extracts by phenol/
chloroform and chloroform extraction and precipitated in isopropa-
nol, rinsed with 70% ethanol, dissolved in sterile water, and digested
with DNase I and S1 nuclease at 37 °C for 2 h. dsRNA was extracted
with phenol/chloroform and concentrated by ethanol precipitation.
The ﬁnal dsRNA fraction was dissolved in 30 μl of TE and separated by
1% agarose gel electrophoresis. The gel was then stained with
ethidium bromide, and bands of dsRNA were visualized under UV
illumination.
Dot-blot immunoassay
Mycelia were homogenized in TE buffer with a Multi-beads
shocker, and the extracts were centrifuged at 15,000×g for 5 min at
4 °C. The supernatant was divided into three fractions; crude extract,
total nucleic acid fraction (puriﬁed and concentrated by phenol/
chloroform extraction and isopropanol precipitation), and a dsRNA
fraction derived from the total nucleic acid fraction by DNase I and S1
nuclease digestion and subsequent phenol/chloroform extraction and
ethanol precipitation.
Reinforced nitrocellulose membrane (Whatman) was used for
dot-blotting. Samples (5 μl) of crude extract, total nucleic acids, and
dsRNA were spotted onto the membrane and air-dried completely.
The spotted membrane was then incubated with 6% hydrogen
peroxide in TTBS (20 mM Tris–HCl, 150 mM NaCl, 0.1% Tween 20;
pH 7.5) at 50 °C for 60 min with shaking to reduce non-speciﬁc
signals. After washing three times with TTBS, the membrane was
blocked with 5% skim milk in TTBS at 30 °C for 60 min, and incubated
with dsRNA-speciﬁc monoclonal antibody (English & Scientiﬁc
Consulting) in TTBS (diluted 1:5000) at 5 °C for 14 to 18 h with
gentle shaking. The membrane was washed three times with TTBS,
treated with anti-mouse IgG horseradish-peroxidase (HRP)-linked
secondary antibody (Cell Signaling) at 30 °C for 60 min and washed
again three times with TTBS. The membrane was incubated with
SuperSignal West Dura chemiluminescent substrate (Thermo Fisher
Scientiﬁc) for 5 min at room temperature. Chemiluminescent signals
were digitally visualized by LAS 4000 (GE healthcare).
Colony-print immunoassay (CPIA)
Fungal inoculum discs were obtained from 10 cm-diameter
colonies on PDAhyg plates. Mycelium agar discs (6-mm diameter)
taken from the margin of the colony were used for single- and dual-
cultures. Membranes were soaked with water, sterilized by autoclav-
ing (120 °C, 15 min), and placed on PDAhyg plates. A 6-mm diameter
mycelium agar disc was placed at the center of membrane for single
culture, and incubated at 25 °C in the dark for 4 or 6 days. For dual-
culture of recipient and donor strains, two mycelial discs were placed
1 cm apart in the lower left of the square membranes. Agar plates
were incubated at 25 °C in the dark until the radius of recipient colony
reached 3, 4, 5, or 6 cm. The radius of a colonywasmeasured along the
edge of the plate on the membrane (Fig. 3A, the line with arrowheads
at both ends) to minimize the effect of virus infection on colony
growth rate.
When fungal colonies had reached the desired stage of growth, the
membranes were peeled from agar plates, and mycelial discs were
removed. The membranes were placed mycelial-side up on sterilized-
water-moistened paper towels for 30 min. Before blotting, colonies
289H. Yaegashi et al. / Virology 409 (2011) 280–289were photographed under blight ﬁeld by a digital camera (EOS1000;
Canon), and GFP images were obtained using a LAS4000 image
analyzer (GE healthcare). The membranes were then placed mycelial-
side up on double Whatman 3MM sheets (Whatman), covered with
plastic wrap, and the mycelial extract was mechanically blotted to the
membrane by roll-pressing with a wood rolling rod. Blotted
membranes were placed in a drying shelf for 3 h or until they were
completely dried. Incubation with 6% hydrogen peroxide in TTBS,
blocking, dsRNA antibody incubation, secondary antibody incubation,
and signal detection were done as described above.
After immuno-detection of dsRNA, themembraneswere incubated
with 10% hydrogen peroxide in TTBS at 50 °C for 60 min to inactivate
anti-mouse IgG secondary antibody, washed four times with TTBS,
and re-probed with the polyclonal antibodies against GFP protein
(Cell signaling) at 5 °C for 14 to 18 h with gentle shaking. Incubation
with secondary antibody (anti-rabbit igG HRP-linked antibody; Cell
signaling) and signal detection were done as described above.Statistical analysis
Based on the digital images obtained from CPIA, the distance from
the donor–recipient interface to the edge of signal-positive area
within the recipient colony was measured as shown in Fig. 3. Twenty
measurements each for 3, 4, 5, and 6-cm-radius recipient colonies
were used for analysis. The F-test, one-way analysis of variance
(ANOVA), two multiple-range tests (Fischer's PLSD and Bonferroni/
Dunn's test), and liner regression analysis were performed using
StatView 5.0J software (SAS Institute). The distance from the donor–
recipient interface to the edge of recipient colony in rVF–pVF pairs
was measured for regression analysis, and the values from 20
measurements each for 3, 4, 5, or 6-cm-radius recipient colonies
were used to show the rate of colony growth.Viral transmission assay
Mycelial agar discs (6-mm diameter) of recipient strains (rVF, rRV,
and rQV) and donor strains (sPV, sMV, sRV, and sQV)were placed 1 cm
apart in the lower left corner of 10-cm2 dishes containing PDAhyg, and
dual-cultured at 25 °C in the dark. When the radius of recipient colony
had reached 6 cm, three 6-mm diameter mycelial agar discs were
taken from recipient colonies at distances of 1.5, 3, 4.5 cm from the
donor–recipient interface. Mycelial discs were sub-cultured on
PDAhyg covered with sterilized cellophane at 25 °C in the dark for
5 to 7 days and used for dsRNA extraction.
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